The type strain of Nocardia pinensis was the subject of chemotaxonomic and 16s ribosomal DNA sequencing studies. The resultant nucleotide sequence was aligned with the sequences of representatives of the genera Corynebacterium, Dietzia, Gordona, Mycobacterium, Nocardia, Rhodococcus, and Tsukamurella, and phylogenetic trees were generated by using the Fitch-Margoliash, maximum-parsimony, maximum-likelihood, and neighbor-joining methods. It was evident from the phylogenetic analyses that N. pinensis represents a distinct phyletic line that is most closely associated with the Gordona clade. This genealogical evidence, together with chemotaxonomic and phenotypic data derived from this and previous studies, indicates that N. pinensis merits generic status within the family Nocardiaceae. Therefore, we propose that N. pinensis Blackall et al. 1989 be reclassified as Skermania piniformis gen. nov., comb. nov. The type strain of Skermania piniformis cleaved an array of conjugated substrates based on the fluorophores 7-amino-4-methylcoumarin and 4-methylumbelliferone.
Nocardia pinensis was proposed by Blackall et al. (1) for novel actinomycetes that caused extensive foams or scums on the surfaces of aeration tanks in activated-sludge sewage treatment plants in Australia. The organism was assigned to the genus Nocardia by using a combination of morphological, chemical, and physiological properties. Atypical nocardial features included the slow growth rate of the organism, mycolic acids that were monounsaturated at position 2, and a distinctive antimicrobial sensitivity pattern. Representative strains were considered to be most closely related to Nocardia amarae, Nocardia camea, and Nocardia vaccinii. N. amarae, which also causes foaming in sewage treatment plants, has been transferred to the genus Gordona as Gordona amarae (15, 20, 33) . There is also evidence that N. pinensis may not be phylogenetically closely related to nocardiae (2).
Mycolic acid-containing actinomycetes have many phenotypic properties in common, form a distinct phyletic line, and are currently classified in the genera Corynebacterium, Dietzia, Gordona, Mycobacterium, Nocardia, Rhodococcus, and Tsukamurella primarily on the basis of chemical, molecular, and morphological markers (6, 7, 13, 14, 28, 33, 36) . In the present investigation, an almost complete 16s ribosomal DNA (rDNA) sequence of the type strain of N. pinensis was determined and compared with sequences of representative mycolic acid-containing actinomycetes in order to clarify the taxonomic position of the species. The type strain was also the subject of comprehensive chemotaxonomic studies.
MATERIALS AND METHODS
Bacterial strain and culture conditions. The type strain of N. pinensis, strain UQM3063 (= IF015059), was grown on tryptone-yeast extract-glucose agar (TYGA) (1) at 25°C for 3 weeks. Following incubation, growth was scrapped from the plates, freeze-dried, and used for chemotaxonomic studies. The strain was maintained as glycerol suspensions (20%, vol/vol) at -20°C.
16s rDNA sequencing. Isolation of chromosomal DNA and amplification, cloning, and sequencing of the 16s rRNA gene were carried out by using a Taq DyeDeoxy terminator cycle sequencing kit (Applied Biosystems, Foster City, * Corresponding author. Fax: 44-91-222-7736.
Calif.) and an Applied Biosystems model 373A DNA sequencer as described previously (7). The resultant 16s rDNA sequence of the type strain of N. pinensis was aligned manually with sequences of representative mycolic acid-containing actinomycetes by using the AL16S program (6). The additional sequence data were obtained from the GenBank and EMBL databases. The domains included in the final dataset were the domains at positions 36 to 75 (Escherichia coli numbering [4]), 95 to 198,219 to 454,478 to 840,846 to 1028,1031 to 1134,1140 to 1447, and 1456 to 1484. Evolutionary trees were inferred by using four treeing algorithms, namely, the Fitch-Margoliash (1 l), maximum-likelihood (8), maximum-parsimony (21) , and neighbor-joining (35) methods. Evolutionary distance matrices for the neighbor-joining and Fitch-Margoliash methods were generated by the method of Jukes and Cantor (19) . The PHYLIP package (10) was used for the neighbor-joining, Fitch-Margoliash, and maximum-parsimony analyses; the fastDNAml program (27) was employed for the maximum-likelihood method. The resultant unrooted tree topology was evaluated in bootstrap analyses (9) of the neighbor-joining method based on 1,000 resamplings.
Determination of DNA base composition. DNA was prepared by the method of Chun and Goodfellow (7). The DNA guanine-plus-cytosine (G+C) content was determined by using the thermal denaturation method (24) .
Determination of the acyl type of murein. The acyl type of murein present in the walls of the N. pinensis strain was determined by the method of Uchida and Aida (37) .
Lipid analyses. The integrated method of Minnikin et al. (25) was used to extract menaquinones and phospholipids from freeze-dried biomass (ca. 100 mg) of the type strain of N. pinensis. Purified menaquinones were separated by high-performance liquid chromatography by using a Pharmacia LKB instrument fitted with a Spherisorb octyldecyl silane column (5 pm) and acetonitrile-isopropanol (75:25, vol/vol) as the mobile phase. The menaquinones were detected at 254 nm. The purified menaquinones were also examined with an electron impact mass spectrometer (VG Quattro; VG Biotech, Manchester, United Kingdom). A two-dimensional thin-layer chromatographic procedure (26) was used to analyze the purified phospholipids.
Freeze-dried biomass (ca. 50 mg) of the test strain was degraded by acid methanolysis (25) , and the resultant fatty acid methyl esters (FAMEs) and mycolic acid methyl esters (MAMEs) were purified by preparative thin-layer chromatography. The FAMEs were separated and quantified by using a gas chromatograph (model 5890; Hewlett-Packard) equipped with a capillary column (type HP-1; 30 m by 0.53 mm [inside diameter]; Hewlett-Packard). The injector temperature was maintained at 200°C, and the flame-induced detector temperature was 270°C. The column temperature was kept at 150°C for 5 min and then programmed to increase from 150 to 250°C at a rate of 5°C per min before it was kept at 250°C for 20 min. The pyrolysis products of MAMEs were analyzed by using conditions identical to the conditions used for the FAMEs, except that the injector temperature was maintained at 310°C. The intact MAMEs were also examined by electron impact mass spectrometry.
Enzyme tests with fluorogenic substrates. The type strain of N. pinensis was grown on TYGA at 25°C for 3 weeks and then examined for its ability to cleave 38 7-amino-4-methylcoumarin (7AMC) conjugated substrates and 37 4-methyl- The tree was inferred from 1,379 nucleotide positions by using the Jukes-Cantor distance (19) and neighbor-joining methods (35) . The numbers in circles indicate the levels of the bootstrap support based on 1,000 resamplings; the shaded circles indicate that the corresponding branches were also recovered with the three other tree-making algorithms used (i.e., the Fitch-Margoliash [ 111, maximum-parsimony [21] , and maximum-likelihood [8] methods). Scale bar = 0.01 substitution per nucleotide position.
umbelliferone (4MU) conjugated substrates by using the procedure described by Hamid et al. (16) .
Nucleotide sequence accession number. 
RESULTS AND DISCUSSION
A n almost complete 16s rDNA sequence (1,477 nucleotides) was obtained for the type strain of N. pinensis. This nucleotide sequence is substantially different from the corresponding sequences of the representative mycolic acid-containing actinomycetes examined. The N. pinensis sequence showed almost equal levels of relatedness to the sequences of Gordona strains (levels of similarity, 94.9 to 95.9%), Nocardia strains (94.5 to 95.9%), and Rhodococcus strains (94.5 to 95.9%), and lower levels of homology were observed with the sequences of Mycobacterium strains (94.0 to 94.7%), Tsukamurella strains (93.7 and 93.8%), a Dietzia strain (93.5%), and Corynebacterium strains (91.4 to 92.6%). It is evident from the 16s rDNA sequence similarity values that N. pinensis can be distinguished from all of the previously described mycolic acid-containing genera.
The distinctiveness of the phylogenetic lineage represented by N. pinensis is also apparent in the unrooted evolutionary tree (Fig. 1) based on the Jukes-Cantor distance model (19) and the neighbor-joining method (35) . It is evident that N.
pinensis and the clade encompassing representative gordonae are sister taxa; this relationship is supported by a moderately high bootstrap value, 84% (Fig. 1) . The relatively close relationship between N. pinensis and the genus Gordona was also evident when the nucleotide sequence data were examined with the other tree-making algorithms used, the Fitch-Margoliash (1 l), maximum-likelihood (21), and maximum-parsimony (8) methods. It is clear from the 16s rDNA sequence data that N. pinensis is a distinct taxon within the clade encompassing mycolic-acid containing bacteria and is misclassified in the genus Nocardia.
The chemotaxonomic data confirm and extend the results of previous studies (1, 2). The type strain of N. pinensis produced predominant amounts of hexahydrogenated menaquinones with eight isoprene units, the end two of which were cyclized, and a glycan moiety rich in N-glycolated muramic acid. The structural identity of the menaquinone was confirmed by electron impact mass spectrometry; a major peak at m/z 720 corresponded to molecular ions, and a significant peak at m/z 584 corresponded to the loss of a terminal cyclized 2-isoprene moiety (18) . The organism also contains major amounts of diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, and phosphatidylinositol mannosides, which places it in phospholipid group I1 (23) .
The whole-organism fatty acids of the type strain of N. pinensis were mainly saturated and monounsaturated straight- (Table 1) . Nomenclature should reflect genomic relationships, although for nomenclatural purposes classifications based on nucleic acid sequencing data need to show phenotypic consistency (38) . It is, therefore, significant that several phenotypic properties can be weighted to unambiguously separate N. pinensis from the seven validly described genera that currently encompass the mycolic acid-containing organisms (Table 1) . There are no grounds for considering the organism a slowly growing member of the genus Gordona, especially given the presence of cyclized menaquinones that have only been found in members of the genus Nocardia (7, 18); gordonae have dihydrogenated menaquinones with nine isoprene units (13, 15, 20) .
The present investigation provides further evidence that the 16s rRNA sequencing procedure is invaluable in helping to unravel taxonomic relationships between mycolic acid-containing bacteria that have proved difficult to unscramble solely on the basis of phenotypic properties (7, 15, 20, 29-34). Indeed, on the basis of genealogic, chemotaxonomic, and conventional phenotypic data it is clear that N. pinensis should be considered a member of a separate genus within the evolutionary line that encompasses mycolic acid-containing actinomycetes and nonmycolic acid-containing organisms such as the genus Turicella (12). We propose, therefore, that Nocardia pinensis Blackall et al. 1989 (1) be reclassified as Skemania piniformis gen. nov., comb. nov.
Description of Skermania gen. nov. Skermania (Sker.man'i.a. M. L. n. Skemania, named after Victor Skerman, an Australian taxonomist). The description below is based on data derived from the present study and the study of Blackall et al. (1).
Gram-positive, non-acid-fast, nonmotile actinomycetes which form a mycelium that does not fragment in undisturbed cultures; secondary branching is rare or absent. Aerial hyphae are not visible to the naked eye, but short branched and unbranched aerial hyphae can be seen microscopically. Strains have an oxidative metabolism and are catalase, oxidase, and urease positive.
The cell wall contains major amounts of meso-diaminopimelic acid, arabinose, galactose, glucose, ribose, and N-glycolated muramic acid. The peptidoglycan is of the Aly type. The organism contains diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, and phosphatidylinositol mannosides as predominant polar lipids, major amounts of straight-chain saturated, unsaturated, and tuberculostearic fatty acids, mycolic acids with 58 to 64 carbons and monounsaturated side chains, and hexahydrogenated menaquinones with eight isoprene units in which the two end units are cyclized. The organism has DNA that is rich in guanine and cytosine.
The type species of the genus Skemania is Skermania pinifonnis. During the early stages of growth (24 h) the microscopic appearance of the organism resembles a pine tree. Cells from activated sludge plants or from artificial culture media contain intracellular sudanophilic and polyphosphate inclusions. Colonies (1 to 2 mm in diameter) form on TYGA within 10 to 21 days, although the growth rate is variable. The colonies are orange, opaque, macroscopically dry and friable, and microscopically moist and shiny, have a pasty texture, are difficult to emulsify or subculture, and are circular with entire edges. When picked from the agar surface, a whole colony can be removed intact. The organism grows well on media that contain glycerol as a carbon source and asparagine as a nitrogen source. In tryptone-yeast extract-glucose liquid media strains grow as macroscopically visible colonies in a slightly turbid liquid.
The maximum and minimum growth temperatures are 31 and 15"C, respectively. Growth is not enhanced in an atmosphere containing 5% CO,, nor does growth occur anaerobically, microaerophilically, or in a candle jar. Esculin, casein, gelatin, hypoxanthine, Tween 20, Tween 40, Tween 60, and Tween 80 are not degraded, nor is nitrate reduced to nitrite when tryptone-yeast extract-glucose medium is the basal medium. Similarly, strains do not grow in the presence of 5-fluorouracil (20 pg/ml), lysozyme (50 pg/ml), mitomycin C (5 pdml), isoniazid (200 pg/ml), or rifampin (20 pg/ml) when glycerol broth is the basal medium. The organism is positive for esterase (C,), esterase-lipase (C,), leucine arylamidase, phosphatase (acid), phosphoamidase, a-glucosidase, and a-mannosidase as determined by the API ZYM testing protocol. When the method of Hamid et al. (16) The G+C content of the DNA is 67.5 mol%, as determined by the thermal denaturation method.
The organism proliferates as an extensive surface scum or foam on the surfaces of aeration tanks of activated sludge plants.
The type strain of Skennania pinifomzis is strain UQM3063 (= IF015059).
Mycolic acid-containing actinomycetes are currently classified in three suprageneric taxa, the families Corynebacteriaceae, Mycobacteriaceae, and Nocardiaceae. The morphological, chemical, and molecular features of members of the genus Skemzania are consistent with classification of this taxon in the family Nocardiaceae (5, 13). It is also worth noting that the occurrence of cyclic hexahydrogenated menaquinones is no longer the sole chemical marker for the genus Nocardia.
